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Abstract

The solidification behavior of two low melting point metals, Sn and In, on three substratesis
examined using in-situ x-ray diffraction. Undercoolings of up to 56.1°C were observed for Sn
solidified on graphite, which is a non-wetting substrate, while lower undercoolings were
observed for Sn on Au/Ni/Cu (17.3°C), and on Cu (10.5°C). Indium behaved quite differently,
showing undercoolings of less than 4°C on all three substrates. The lattice expansion/contraction
behavior of Sn, In and intermetallic compounds (IMCs) that formed during the reaction of Sn
with Au/Ni/Cu surfaces were also measured during heating and cooling. Results showed
anisotropic and non-linear expansion of both Sn and In, with a contraction, rather than
expansion, of the basal planes of In during heating. The principal IMC that formed between Sn
and the Au/Ni/Cu surface was characterized as CusSns, having an average expansion coefficient
of 13.6x10°°/°C, which is less than that of Sn or Cu.

KeyWords: In-situ x-ray diffraction, solidification, nucleation, undercooling, Sn, In, lead-free
solders, wetting, non-linear expansion, intermetallic compounds, synchrotron radiation.
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I ntroduction

Undercooling of solder aloys prior to solidification can produce large grains and non-
equilibrium microstructures, which have undesirable mechanical properties[1, 2]. Many Sn-
based |ead-free solder alloys display these problems due to large undercooling that result from
the difficult nucleation of the 3-Sn phase[2]. In pure Sn, undercoolings of over 100°C below its
melting have been observed under carefully controlled conditions [2, 3], which represents one of
the highest amounts of undercooling relative to melting temperature of any elemental metal [3].
Undercooling in Sn was shown to monotonically increase with decreasing solder ball size [4],
and even under normal processing conditions at moderately low cooling rates, undercoolings of
up to 40°C have been observed [2, 4, 5]. The undercooling resultsin very fast growing 3-Sn
dendrites, and produces a textured microstructure with few individual grainsin the solder joint
[2, 6-8]. Thisunusual solidification behavior has aso been observed in Sn-rich solder alloys,
which display undercoolings of 25-40°C [2, 4, 5], resulting again in very fast growing 3-Sn
dendrites that create a textured microstructure with few individual dendrites in the solder joint.
The microstructures that form under these conditions produce anisotropic tetragonal 3-Sn grains
that are not randomized, leading to mechanical weakness of the joint, particularly where thermal
fatigue is a concern [9-13] due to the anisotropic behavior in lattice expansion.

Enhancing nucleation through microalloying and careful control of solder composition
are under consideration as practical methods to reduce undercooling of lead free solders[14],
however the mechanisms for the difficult nucleation of 3-Sn are not well understood. Difficult
nucleation may be due to its body centered tetragonal (bct) crystal structure, and/or its stable
native oxide may contribute as potential nucleation barriers that increase undercooling [2].
Although Sn-based alloys represent the vast majority of lead-free solders, In and In-based alloys
represent a sizeable number of alternative lead-free solders due to their lower melting points and
oftentimes more ductile behavior than Sn-based |ead free solders. Both Sn and In have
tetragonal structures above room temperature [15], yet undercooling of 1n-based solders does not
appear to be asignificant concern. This may be related to the fact that, even though both
elements have tetragonal crystal structures, their crystal structures are quite distinct. The bct
structure of Sn is compressed along the c-axis, having a c/aratio of 0.5456, while the simple
tetragonal structure of In is elongated along the c-axis, having a c/aratio of 1.525 [16].

The observed undercooling of Sn and In, and their aloys, also depends strongly on the
substrate. The substrate can react with the solder and be wet to varying degrees depending on
its composition. Substrates that are wet well by the solder will cause the solder to spread out,
creating higher surface areato volume ratios and enhance nucleation of the solid phase and
thereby reduced undercooling. In addition, chemical reactions with the substrate and solder can
form compounds that may assist with nucleation of the bulk solder. Substrates that do not react
with the solder, such as graphite, are not wet by the solder and favor higher undercoolings. New
experimental methods such as in-situ x-ray diffraction are beginning to be used to help
understand microstructural and intermetallic compound (IMC) formation in solder alloys and
solder joints[17, 18]. This paper continues along these lines, using in-situ x-ray diffraction to
study Sn and In melted and solidified on different substrates to directly observe the amount of
undercooling prior to solidification. In addition, anisotropic lattice expansion of the tetragonal
crystal structures of In and Sn were measured during heating and cooling, as well as lattice
expansion for IMCs that formed between Sn and the Au/Ni/Cu substrate.
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Experimental Procedures

In-situ, real-time, x-ray diffraction measurements were conducted on thin foils of Snand
In during rapid heating and cooling of samples under controlled conditions. These experiments
were performed at the Advanced Photon Source (APS), using the UNICAT beam line BM-33-C
with x-ray beam energies of either 29.1 or 27.8 keV from aring current of 100 mA. These
energies are just below the Sn K absorption edge of 29.2 keV and the In K absorption edge of
27.9 KeV respectively. The calculated penetration depths for these energies are approximately
9.6 uminSnand 7.4 umin Infor a5 deg angle of incidence based on mass absorption
coefficients of 45.42/cm for Sn, and 59.27/cm for In [19].

The x-ray beam line was set up with awater cooled Si (111) monochromator, and the
beam was focused and sized to dimensions of approximately 2 mm wide by 0.5 mm high using a
dynamically bent Si crystal and collimator slits. A schematic illustration of the experimental
setup is shown in Fig 1, where the incoming focused monochromatic beam is shaped with
horizontal and vertical dits, and the beam’s flux is measured with an ion chamber before the X-
rays strike the sample. The diffracted beams are detected with a 2048x2048 pixel areal detector
placed downstream from the sample. This detector is similar to one used in previous
experiments, and additional details can be found elsewhere for measurements of phase
transformations and stress relaxation in metals [20-22], and interdiffusion of Au in Cu [23].

The previous experiments used solid metal substrates that were heated to temperatures
below their melting point. The new experiments with solders required a different sample holder
since samples are molten during portions of the experiment. The first generation sample holder
and experimental setup is described in [24], and was modified for these new experiments to
allow for more uniform heating and more accurate temperature control and measurement. As
before, a graphite heater was chosen since it is easily heated using resistive methods. The heater
isillustrated in Fig. 2, measuring 100 mm long and 8 mm wide, with an enlarged central section
that allows a 6.3 mm diameter substrate to be placed inside. A hole drilled from the back side of
the heater allows a thermocouple to be inserted through it. The substrate that fitsinside of the
heater isillustrated in Fig. 3, and has a’5.3 mm diameter flat surface where the 5 mm diameter Sn
or In solder disk isplaced. A blind holeisdrilled from the back side of the substrate to allow the
thermocouple to be placed inside of it and close to the location where the solder is melted and
solidified. Silver-loaded thermally conductive epoxy is used to hold the thermocouple in the
backside of the substrate, while thermally conductive silver-loaded paste is used on the bottom
and sides of the substrate to insure good thermal contact between the substrate and the graphite
heater.

The alloys used in the experiments consisted of Sn (99.999% Sn, Alfa Aesar #38538), In
(99.99% In, Indium Corporation IND#4), high purity graphite (1SO 63 fine grained), and high
purity OFHC Cu substrates. Some of the Cu substrates were plated using an electrolytic Ni
followed by electrolytic Au finish (Au/Ni/Cu). The thickness of the Ni and Au layersare 1 um
each. Table 1 liststhe alloys and the thicknesses of each sample. The Sn and In samples were
punched into 5 mm diameter disks in preparation for the experiment.

The Sn and In samples were prepared by first dipping them in arosin-based mildly active
liquid flux (Indium Corporation RMA Flux #5) to reduce existing oxides and to prevent further
reaction during heating. Thisflux isreported to contain 40-50% rosin mixture, 30-40%
isopropol acohol, 10-30% methyl ethyl keytone and 1-2% proprietary ingredients by weight.
The samples were then placed on the top of the substrate with the thermocoupl e pre-attached.
An adhesive Kapton strip, measuring 100 mm x 8 mm x 0.100 mm, was then placed over the top
of the substrate to hold the solder foilsin place, asillustrated in Fig. 4. The Kapton layer helps
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keep the surface flat during heating and minimizes liquid solder balling at its center point. The
0.1 mm thick Kapton film is thin enough to let X-rays pass through it, and does not react with the
solder.

The in-situ experiments were performed by placing the loaded heater into the water
cooled grips of a heating stage with an angle of ~5 deg with respect to the axis of the x-ray beam,
and aligned so that the 2 mm x 0.5 mm beam is centered on the sample. An environmental
chamber was then placed over the sample and evacuated to approximately 10 mTorr using a
turbo-molecular pump to prevent oxidation of the samples during the in-situ experiments. The
experiment was conducted by heating Sn and In, to and from their melting points, while
observing phase transformations as a function of time and temperature and collecting x-ray
diffraction datain real timein asimilar fashion as previous work [24].

Results and Discussion

Tin Solidified on Graphite, Gold, and Copper Substrates

The first set of experiments consisted of melting and solidifying high purity Sn on
graphite. Since graphite and Kapton do not react with Sn, the Sn melts and solidifiesin such a
way that any heterogeneous nucleation effects induced by the substrate are minimized. One
would therefore expect that the amount of undercooling of the liquid Sn during solidification to
be larger than if the Sn was in contact with a reacting substrate such as Cu. The Sn samples were
heated at arate of 1°C/s, held at the peak temperature of 257°C for 1s, and then cooled at 1°C/s.
Thusthe total time spent above the liquidus temperature of Sn (232°C) was 50s, which was
sufficient for the Sn to melt and flow to a smaller diameter shape under the constraining force of
the Kapton cover.

Figure 5 shows an initia diffraction pattern for the Sn foil on the graphite substrate at
room temperature before heating began. The diffraction pattern is formed by integrating the in-
situ diffraction rings about their central point to create an intensity versus d-spacing plot using
FIT2D software available from ESRF [25]. There are eight Sn diffraction peaks that appear in
the x-ray diffraction window, with d-spacings between 1.4A and 3.0A. In addition, five possible
graphite peaks are present in thiswindow as indicated. The two most prominent high angle Sn
peaks are Sn (200) located at 2.916 A, and Sn (101) located at 2.793A, as calculated from the
| attice parameters of bct Sn for a= 5.8313 A and c=3.1815 A [18], for the 29.1 keV beam.
Texturing of the thin foil resultsin only the Sn(101) peak diffracting strongly in this case, and
aterstheideal diffraction intensities of the remaining 6 peaks that appear at lower d-spacings.

Figure 6 shows the results from one of thein-situ x-ray diffraction runs where the Sn was
melted and solidified on the graphite. In this figure, more than 200 individual diffraction
patterns are plotted sequentially in time along the y-axis versus d-spacing along the x-axis. The
diffraction patterns are plotted in pseudocolor, such that higher intensities are shown in light
color, and low intensities are dark. The experiment starts at t=0s where all of the Sn diffraction
peaks are present asindicated in Fig. 5. Sequential diffraction patterns are taken approximately
every 2s, and heating begins at approximately t=80s, which is marked as‘a in thefigure. At this
point the temperature begins to ramp at 1°C/s as indicated by the corresponding temperature
profile plotted to the right. As heating continues, the Sn peaks shift to higher d-spacings due to
the lattice expansion. Grainsin the Sn foil recrystallize and/or grow creating a new texture
which causes many of the peaks to diminish and/or disappear around t=250s, when the
temperature is approximately 180°C, and marked ‘b’ on the figure. The sample continues to heat
and eventually melts just before t=300s at atemperature of 232.8°C, asindicated by point ‘C’ on
thefigure. Melting isidentified by the sudden change in the background intensity and the
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appearance of more intense diffraction peaks from the graphite substrate. The sample heats to
its peak temperature and cools from there at 1°C/s. During cooling the solder passes below its
melting point and continues to cool until t=400s, marked ‘d’ on the figure, where Sn solidifies
with the appearance of a strong Sn (101) peak at atemperature of 175.9°C. The undercooling,
defined as the difference between the equilibrium melting temperature (232.0°C) and the
solidification temperature, is 56.1°C in this experiment and represents a large undercooling of Sn
before solidification occurred.

Note that although thisrunisvery typical of the type of datathat is collected, itis
somewhat unusual in the high intensity of the Sn diffraction peak that appeared on solidification.
Due to the small number of diffracting grainsin the highly undercooled and solidified Sn, there
isadtatistical nature to the diffraction peaks that appear on solidification, and in this case, the Sn
solidified by chance with the strongly diffracting Sn (101) peak reflecting directly into the
detector, making it very clear when solidification occurred. In other experiments, it is often
necessary to examine the appearance of smaller peaks and changes in background intensity to
determine the exact point of solidification. Another point of note is that there are some
temperature instabilities in the cooling of this sample, caused by a new temperature controller
that wasn't yet tuned to the system. These instabilities are not considered significant in terms of
the amount of undercooling observed.

Two additional experiments were performed on Sn to observe melting and solidification
on graphite. All three runs had similar results, which are summarized in Table 2. Thethree
experiments gave undercoolings of 41.4, 51.5, and 56.1°C, for an average undercooling of
49.7°C. These results are somewhat higher than those measured in a previous experiment, of
20°C, and confirm the large undercooling of Sn on non-wetting surfaces[2-3]. Thelarge
variation in the undercooling results are most likely due to the statistical nature of nucleation of
undercool ed melts, where surface tension, number density of nucleation sites, and geometrical
shape of the melt can al influence the amount of undercooling prior to solidification.

Figure 7 shows similar experiments that were performed with Sn on Au-coated Cu
substrates to observe the influence of a wetting substrate on undercooling. These samples were
heated and cooled at 1°C/s, with an identical time-temperature profile as the samples heated and
cooled on graphite. The experiment starts at t=0s where the Sn diffraction peaks are clearly
present. Sequential diffraction patterns are taken approximately every 2s, and heating begins at
approximately t=50s, which ismarked as‘a in thefigure. At this point the temperature begins
to ramp at 1°C/s asindicated by the corresponding temperature profile plotted to theright. As
heating continues, the Sn peaks shift to higher d-spacings due to the lattice expansion. Grainsin
the Sn fail recrystallize and/or grow creating a new texture which causes many of the peaksto
diminish and/or disappear around t=220s, when the temperature is approximately 200°C, and
marked ‘b’ on the figure. The sample continues to heat and eventually melts at about t=230s at a
temperature of 228.1°C, as indicated by point ‘c’ on the figure. Melting of the Snisagain
identified by the change in the background intensity combined with the disappearance of the
remaining Sn peaks. The sample heatsto its peak temperature and cools from there at 1°Cl/s.
During cooling the solder passes below its melting point and continues to cool until t=300s,
marked ‘d’ on the figure, where Sn solidifies with the strong appearance of the Sn (200) and Sn
(101) peaks at atemperature of 204.1°C. The undercooling, defined as the difference between
the Au-Sn eutectic (217.0°C) and the solidification temperature, is 12.9°C in this experiment.
This experiment was repeated two additional times as summarized in Table 2, with an average
undercooling of 17.3°C below the Au-Sn eutectic temperature.

Unlike Sn solidified on graphite, additional peaks appear after melting of the Sn on Au-
coated Cu substrates and continue to be present during solidification. The major additional
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peaks are identified with numbers 1-6 in Fig. 7. In order to help identify these peaks,
conventional x-ray diffraction analysis was later performed on one of the Sn samples melted on a
AU/Ni/Cu substrate as a post synchrotron experiment. The results clearly showed the presence of
the hexagonal NiAs-type structure (hP4) with lattice parametersa = 4.22 and ¢ = 5.52. AuSn
forms the NiAs structure and CusSns forms an ordered superstructure of the NiAs structure; the
|attice parameters match those of the CusSns subcell (a= 4.19, ¢ = 5.04), not those of AuSn (a=
4.32, ¢ =5.52) [26, 27]. This CusSns structure accounts for peaks 1, 2, and 6 in Fig. 7. Cu but
not Au is observed, so we conclude that the thin Au (and Ni) layers have dissolved or
interdiffused, exposing the underlying Cu to Sn. The remaining peaks (3, 4, and 5) are most
likely due to a Au/Ni-containing structure which we are unable to identify. These peaks may be
related to the Au-Sn intermetallic compounds that have higher melting points than Sn [15] and
formed quickly during the experiment. Other possible intermetallicsin the Sn/Au-Ni-Cu system
with the same crystal structure include AuCuSn,, and AuNiSns.

Figure 8 shows the last set of experiments on Sn, which were performed on pure Cu
substrates. The experiment starts at t=0s where the Sn diffraction peaks are clearly present.
Sequential diffraction patterns are taken approximately every 2s, and heating begins at
approximately t=40s, which ismarked as‘a in thefigure. At this point the temperature begins
to ramp at 1°C/s asindicated by the corresponding temperature profile plotted to the right.
Grainsin the Sn foil recrystallize and/or grow creating a new texture at temperatures as low as
100°C. Thetextureincreases, and at t=240s when the temperature is approximately 200°C, only
one or two diffraction planes appear asindicated by ‘b’ on the figure. The sample continues to
heat and eventually melts at atemperature of 233.4°C, asindicated by point ‘c’ on the figure.
Melting of the Sn is again identified by the change in the background intensity combined with
the disappearance of the remaining Sn peaks. The sample heats to its peak temperature and cools
from there at 1°C/s. During cooling the solder passes below its melting point and continues to
cool until t=320s, marked ‘d’ on the figure, where Sn solidifies with the appearance of the Sn
(200) and Sn (101) peaks at atemperature of 213.8°C. The undercooling in this experiment was
13.2°C below the Cu-Sn eutectic. This experiment was repeated two additional times as
summarized in Table 2, with an average undercooling of 10.5°C below the Sn-Cu eutectic
temperature.

Indium Solidified on Graphite, Gold and Copper Substrates

The next set of experiments was performed with In on graphite substrates, also with a
Kapton film holding down the In asillustrated in Fig. 4. The samples were heated at a rate of
1°C/s, held at the peak temperature of 180°C for 1s, and then cooled at 1°C/s. Thus the total time
spent above the liquidus temperature of In (156.6°C) was 50s, which is sufficient for the In to
melt and flow to a smaller diameter shape under the constraining force of the Kapton cover.

Figure 9 shows an initial diffraction pattern for the In foil on the graphite substrate at
room temperature before heating began. There are seven In diffraction peaks that appear in the
x-ray diffraction window, with d-spacings between 1.39A and 2.80A. In addition, five possible
graphite peaks are present in thiswindow as indicated. The three most prominent In peaksare In
(101) located at 2.7178 A, and In (002) located at 2.4728A, and In (211) located at 1.3957 A as
calculated from the | attice parameters of bet In for a= 3.2430 A and ¢=4.9455 A [16]. Texturing
of the thin foil atersthe diffraction intensities of the peaks.

Figure 10 shows the results from one of the in-situ x-ray diffraction runs where the In
was melted and solidified on the graphite. During heating, the In peaks shift d-spacings with
temperature, but note that the In(002) moves to lower d-spacings with increasing temperature as
will be discussed later. Grainsin the In foil recrystallize and/or grow causing some peaks to
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diminish and/or disappear around t=150s, when the temperature is 135°C. The sample continues
to heat and eventually melts at t=175s at atemperature of 156.9°C, as indicated by point ‘c’ on
the figure. The sample heats to its peak temperature and then cools at arate of 1°C/s. During
cooling the solder passes below its melting point and continues to cool until t=200s, marked *d’
on the figure, where In solidifies at 154.1°C, as determined by the change in background
intensity. The undercooling of this sampleis 2.5°C below the equilibrium melting point of In
(156.6°C). Three additional experiments were performed on In to observe melting and
solidification on graphite, asindicated in Table 2. The average undercooling for the four
experimentsis 2.8°C for In on graphite, which is considerably less than what was observed on
any of the Sn samples.

Figure 11shows the results from one of the in-situ x-ray diffraction runs where the In was
melted and solidified on Au/Ni/Cu. Thisfigure, like the others, displays the sequence of
diffraction patterns on the left and the temperature profile on the right. The experiment starts
with textured In such that the In(112) plane is the most intense. Heating begins at t=40s, marked
‘a onthefigure. Heating continues with the diffracting planes shifting | attice spacings as the
temperatureisincreased. Around t=160s, some of the diffracting planes begin to lose intensity,
and at t=184s, marked ‘b’ in the figure, many of the planes have disappeared due to additional
grain growth and texturing. Melting occurs at t=198s, marked ‘¢’ in the figure when the
temperature has reached 156.9°C. Approximately 40s |ater, after the temperature has passed its
peak and the sample is cooling down, solidification occurs when the temperature is 155.1°C as
indicated by the sharp appearance of the In(110) and In(101) planes. The solidification
temperature isonly 1.5°C below the equilibrium melting temperature of In, and an undercooling
of only 0.9°C below the Au-In eutectic temperature. This experiment was repeated two additional
times, as summarized in Table 2, showing an average undercooling of only 2.0°C below the Au-
In eutectic temperature.

Figure 12 shows the results from one of the in-situ x-ray diffraction runs where the In
was melted and solidified on pure Cu. Heating begins at t=30s, marked ‘a on the figure, and
continues at 1°C/s with the diffracting planes shifting lattice spacings as the temperature is
increased. Around t=160s, some of the diffracting planes begin to lose intensity marked ‘b’ in
the figure. Melting occurs at t=180s, marked ‘c’ in the figure when the temperature has reached
162.2°C. Approximately 30s later, after the temperature has passed its peak and the sampleis
cooling down, solidification occurs when the temperature is 152.6°C as indicated by the sharp
appearance of the In(101) plane. Peaks from the copper substrate also show up at this point as
the molten solder moves and doesn’t completely cover the beam, exposing the copper substrate
to the beam. The solidification temperature is only 4.0°C below the equilibrium melting
temperature of In, but only 0.4°C below the Cu-In eutectic temperature.  This experiment was
repeated one additional time, as summarized in Table 2. During this second run, the measured
solidification temperature was 1.0°C above the eutectic temperature, which is 2.3°C below the
melting point of pure In.

The results of the in-situ diffraction experiments on Sn and In show differencesin the
amounts of undercooling during solidification between the two metals and further differences
resulting from the substrates that they are in contact with. Sn clearly displays the largest
undercoolings, and the results presented here are consistent with published literature. Indium, on
the other hand, displays very little undercooling and solidifies close to its equilibrium melting
point on all of the surfaces studied. Reducing the amount of undercooling of Sn and Sn-based
solder alloys prior to solidification is an area of great interest to improve mechanical properties
of lead-free joints [4-14], and future work is planned to use the in-situ diffraction experiments
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developed here to investigate the influence of various inoculants on reducing underecooling in
Sn and Sn-based solder aloys.

In-Situ Measurements of Thermal Expansion of S, In and IMCs

In addition to measuring phases present during the heating and cooling lattice parameters
were measured for Sn and In. Both elements display anisotropic expansion behavior, and lattice
parameters were measured along both the ‘a and ‘¢’ principal directions of their tetragonal
crystal structures. Figures 13aand 13b show the‘a and ‘c’ lattice parameters respectively for
Sn measured on graphite during heating, based on the Sn(101) and Sn (200) planes. Both the ‘&
|attice parameter, i.e. in the basal plane, and the ‘c’ lattice parameter, i.e. perpendicular to the
basal plane, show non-linear behavior. Scatter in the data at low temperatures prevented a non-
linear fit, so the expansion coefficient (CTE) was estimated by two linear portions, below and
above 80°C. The‘a lattice parameter has ameasured CTE of 13.7x10°/°C below 80°C, and
23.4x10°%/°C above 80°C, as summarized in Table 3. These values are slightly lower than
published values for pure Sn which also shows non-linear behavior [28]. Expansion of the ‘¢’
| attice parameter yields a CTE of 39.2x10°%/°C below 80°C, and 57.1x10®/°C above 80°C.
These data nicely match published data for pure Sn[28]. The c/aratio for Snisshownin Fig
13c, which has a dlight increasing trend from 0.546 to 0.548 as the temperature increases from
22°Cto 160°C.

Figures 14a and 14b show the‘a and ‘c’ lattice parameters respectively for In, measured
on graphite during heating, and are based on the In(200) and In (002) planes. The*a lattice
parameter expansion islinear over the entire temperature range, with ameasured CTE of
61.3x10°%/°C. This value matches the published data for pure In amost exactly [29]. The‘c
|attice parameter displays non-linear behavior with a negative expansion coefficient that
measured -11.1x10°/°C from 12°C to 80°C, and -50.5x10°%/°C above 80°C. Negative CTES
have been observed in In previoudly for the ‘c’ lattice parameter, but there have been conflicting
results[29]. The values measured here are consistent with the results from Deshpande et al.
[29], that give a CTE of -8.1x10®/°C at 25°C, and -26.9x10°%/°C from 27°C to 106°C. Over this
same temperature range, we measure 31.4x10°%/°C and clearly confirm contraction of the‘c’
lattice parameter on heating [29]. The c/aratio for In is plotted in Fig 14c, which shows a
decreasing trend from 1.528 to 1.506 as the temperature increases from 12°C to 154°C. Further
calculations show that the unit cell volume increases linearly with temperature from 52.79 to
53.51 A® over this temperature range.

The thermal expansion characteristics of the IMC compounds that form during the
reaction of solders and substrates can also be determined using in-situ x-ray diffraction. This
provides valuable information about these phases that is relevant to thermal fatigue and
mechanical properties of solder joints, and is difficult to obtain otherwise. Figure 15 plots the d-
spacing versus temperature during cooling for the CusSns (101) peak of the IMC phase that
formed during reaction of Sn with the Au/Ni/Cu surface. The expansion islinear over the
temperature range from 200°C to 12°C, with a CTE of 10.1x10°/°C. Two other peaks for the
CusSns phase were examined as summarized in Table 4, showing avariation in CTE from
10.1x10°%/°C to 18.5x10°°/°C, with an average value of 13.6x10°/°C. One additional peak for an
undetermined IMC (peak 5) had a measured CTE of 13.1x10°%/°C. Thisrange of CTE valuesis
similar to those reported elsewhere for intermetallic phases in the Cu-Sn system [17] where
CusSns, and CuzSn phases were observed.
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Conclusions

In-situ x-ray diffraction using synchrotron radiation was demonstrated to be a useful
method for observing phase transformations in low melting point metals used as base elements
for lead-free solder aloys. Microstructural evolution during heating, melting, solidification and
cooling was followed for Sn and In on different substrates, including in-situ measurements of
lattice expansion of Sn, In, and the IMC that formed between Sn and a Au-coated copper
substrate. Based on the results of the experiments the following conclusions were made. In-situ
x-ray diffraction patterns of Sn that was melted and solidified on graphite showed undercoolings
up to 56.1°C below its equilibrium melting temperature, with an average value of 47= 49.7°C for
three experiments. These undercoolings were significantly higher than Sn solidified on
AU/Ni/Cu (4T=17.3°C), and Cu (4T=10.5’C) below their respective eutectic temperatures. In
contrast, the in-situ x-ray diffraction patterns of In that was melted and solidified on graphite
showed an average undercooling AT=2.8"C, and similar low values of undercooling for In
solidified on Au and Cu. It isunusualy difficult to nucleate solid Sn from its liquid state, and
the reasons for this are not fully understood. Continued work is needed to study the
undercooling of Sn and to develop methods to minimize undercooling and provide more refined
microstructures with favorable mechanical properties for |lead-free solders. Future work is
planned to incorporate small amounts of inoculants in attempts to reduce undercooling in Sn, and
to follow their effects using in-situ x-ray diffraction. In addition to measuring undercooling, in-
situ x-ray diffraction observations of the lattice parameters of Sn and In were made during
heating and cooling. Sn displayed non-linear expansion in both the‘a and ‘¢’ directions, and
displayed a c/aratio that increased with temperature. Indium showed linear expansion for the ‘a
|attice parameter, and non-linear contraction, rather than expansion, of the ‘c’ |attice parameter
with increasing temperature, which resulted in a decreasing c/aratio on heating. The formation
of intermetallic compounds during reaction of the solder with the substrates was also directly
observed, and the results indicated that the principal IMC that forms during solidification of Sn
on Au/Ni/Cu was CusSns. This phase has a CTE that varies between 10.1x10°%/°C and 18.5x10
®/°C for three different crystallographic planes examined, and an average value of 13.6x10°/°C,
which isless than that of Sn or Cu.
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Tables

Table 1: Melting temperatures for Sn and In metals, substrates, and eutectic combinations for
each of the solder/substrates.

Alloy Composition Thickness m

(Wt%) (um) )
Sn-high purity 99.999 Sn 50 232.0
In-high purity 99.99 In 50 156.6
Cu substrate 99.95 Cu 3000 1083
Graphite substrate 999 C 3000 3642
Sn-Cu eutectic - - 227.0
Sn-Au eutectic - - 217.0
In-Cu eutectic - - 153.0
In-Au eutectic - - 156.0
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Table 2: Summary of measured undercooling (4T) of Sn and In on graphite, Cu, and Au/Ni/Cu
substrates. Undercooling is calculated relative to the melting temperature of the metals on
graphite, or the eutectic temperature on metal substrates indicated as To. All experiments were
performed at a cooling rate of 1°C/s.

Sample ID Substrate Tm Ts To AT AT
(To-Ts) avg.
(°C) (°C) (°C) (°C) (°C)
Sn-1 Graphite 231.9 190.6 232.0 41.4
Sn-2 Graphite 240.8 180.5 232.0 51.5
Sn-3 Graphite 232.8 175.9 232.0 56.1 49.7
SnAu-1 AU/Ni/Cu 229.1 193.0 217.0 24.0
SnAu-2 AU/Ni/Cu 228.1 204.1 217.0 12.9
SnAu-3 AU/Ni/Cu 233.9 202.0 217.0 15.0 17.3
SnCu-1 Cu 227.9 219.8 227.0 7.2
SnCu-2 Cu 228.3 215.8 227.0 11.2
SnCu-3 Cu 2334 213.8 227.0 13.2 105
In-1 Graphite 160.0 154.0 156.6 34
In-2 Graphite 158.0 153.0 156.6 14
In-3 Graphite 160.4 151.3 156.6 3.8
In-4 Graphite 156.9 154.1 156.6 2.5 2.8
INAuU-1 AU/Ni/Cu 159.9 153.2 156.0 2.8
INAuU-2 AU/Ni/Cu 156.9 155.1 156.0 0.9
INAU-3 AU/Ni/Cu 161.5 153.7 156.0 2.3 20
InCu-1 Cu 162.2 152.6 153.0 0.4
InCu-2 Cu 162.0 154.0 153.0 -1.0 -0.7
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Table 3: Summary of CTE measured for Sn and In along the principal directions of the tetragonal

structure.
Description CTE based on ‘a’ lattice CTE based on ‘C’ lattice c/aratio
parameter (10°/°C) parameter (10°/°C)
25-80°C T>80°C 25-80°C T>80°C | 25°C; 150°C
Sn 13.4 234 39.2 57.1 0.546; 0.548
In 61.3 -11.1 -50.5 1.528 ; 1.506
Table 4: CTE for the Sn/Au-Ni-Cu IMC phases identified in Fig. 7.
Diffraction Peak Intermetallic Plane CTE (10°/°C)
Compound 25-200°C
1 CusSns (102) 10.1
2 CusSns (002) 12.2
5 Unknown Unknown 13.1
6 CugSns (200) 18.5
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Figure 1: Schematic of the synchrotron setup showing the basic elements for direct observations
of materials being resistively heated. The sampleisenclosed in an environmental chamber (not
shown) to protect it from oxidation.
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Figure 2: Graphite heater design a) top view, b) cross-sectional side view. The circular disk
sampleis placed in the hole (6.5 mm diameter) in the top center of the heater. A small holeis
drilled below the sample holder to allow a thermocouple to be inserted into the substrate.
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Figure 3: Schematic drawing of the substrate (graphite, Cu or ENIG surface on Cu) that fits
inside the heater shown in Fig. 2. A) Top view showing the 5.3 mm diameter surface where the
Snor Infoils are placed, and b) cross-sectional side view showing the thermocouple well.

Solder
Kapton

Thermocouple

Figure 4. Schematic cross-sectiona side-view of the central portion of the graphite heater with a
Cu substrate and solder foil assembled in place. The Sn or In solder foil is pressed down flat on
the top surface of the substrate using Kapton film. The thermocouple enters from the bottom of
the heater and is held in place in the substrate by thermally conductive epoxy.
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Figure 5: Initial diffraction pattern of Sn showing the 8 major Sn peaks in the diffraction
window. The five possible graphite peaks that can appear in this window are indicated.
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Figure 6: In-situ x-ray diffraction patterns for Sn on graphite. The y-axis sequentialy plots
diffraction patterns starting from the initiating of heating to the point where solidification is
complete on cooling. Heating beginsat ‘a’, grain growth and texturing resultsin loss of many
Sn diffraction peaks at ‘b’, melting occurs at ‘c’, and solidification occurs at’d’ when the Sn

(101) reflection reappears.
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Figure 7: In-situ x-ray diffraction patterns for Sn on Au. The y-axis sequentially plots diffraction
patterns starting from the initiating of heating to the point where solidification is complete on
cooling. Heating beginsat ‘&, grain growth and texturing results in loss of many Sn diffraction
peaksat ‘b’, melting occursat ‘c’, and solidification occurs at ‘d’ when the Sn(200) and Sn(101)
reflections reappear. The numbersl-6 indicate new diffraction peaks related to the Au-Sn
intermetallic phase.
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Figure 8: In-situ x-ray diffraction patterns for Sn on Cu. The y-axis sequentially plots diffraction
patterns starting from the initiating of heating to the point where solidification is complete on
cooling. Heating beginsat ‘a’, grain growth and texturing results in loss of many Sn diffraction
peaksat ‘b’, melting occursat ‘¢’, and solidification occursat ‘d’” when the Sn (101) and Sn(200)
reflections reappear.
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Figure 9: Initial diffraction pattern for In showing the 7 major peaks in the diffraction window.
The five possible graphite peaks that can appear in this window are indicated.
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Figure 10: In-situ x-ray diffraction patterns for In on graphite. The y-axis sequentially plots the
diffraction patterns starting from the initiating of heating to the point where solidification is
complete on cooling. Heating beginsat ‘a’, grain growth and texturing results in loss of some
diffraction peaksat ‘b’, melting occursat ‘c’, and solidification occurs at*d’ with a changein the
intensity of the background.
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Figure 11: In-situ x-ray diffraction patternsfor In on Au. The y-axis sequentially plots diffraction
patterns starting from the initiating of heating to the point where solidification is complete on
cooling. Heating beginsat ‘a’, grain growth and texturing results in loss of many Sn diffraction
peaksat ‘b’, melting occursat ‘', and solidification occurs at'd’ when the In(110) and In (101)

reflections reappear.
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Figure 12 In-situ x-ray diffraction patterns for In on Cu. The y-axis sequentially plots diffraction
patterns starting from the initiating of heating to the point where solidification is complete on
cooling. Heating beginsat ‘&, grain growth and texturing results in loss of many Sn diffraction
peaksat ‘b’, melting occursat ‘', and solidification occurs at ‘d’ when the In (101) reflection

reappears.
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Figure 13: Lattice spacing of Sn from Sn-3 run (see Fig. 6) showing: a) expansion of the ‘&
|attice parameter based on the Sn (220) planes, b) expansion of the ‘c’ lattice parameter based on
the Sn(101) plane, and c) the c/aratio which increases as the temperature is increased.
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Figure 14: Lattice spacing of In from In-4 run (see Fig. 10) showing: @) expansion of the ‘a
|attice parameter based on the In (200) plane, b) contraction of the ‘¢’ lattice parameter based on
the In(002) plane, and c) the ratio of ¢/a showing a decrease as the temperature is increased
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Figure 15: D-gspacing of the intermetallic phase formed on the Sn-Au/Ni/Cu sample. The
diffraction peak is marked ‘1’ on Fig.7, and corresponds to the CugSns (101) plane.
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